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ABSTRACT 

This paper descries the execution of precise assembly tasks by a robot. The 
level Of performance of the exjtaHnNutal System allows such basic actions as 
putting a peg into a hole, screwing a nut on a bolt, and picking up a thin 
piece from a flat table. The tolerance, achieved in the ex pe r F men t s has 0,001 
Fnch. The e*perin*nts proved that force Redback enabfed the reliable assembly 
Of a bearing complex consisting of eight parts with close tolerances. A movie 
Of the demonstration Is available. 
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1+ Introduction 

Hany indu atria* ha*e ■ great potential danand for adv-arvtad 
eutoaatlon in aaaeaply I inee* In nany eodern factories, ■ great deal of 
unskH led hue an labor 1b forced to bo aatid with eube tan ti ally au toasted 
f abr i ca t i on eachines or H/C aachine loala htCHH no versatile aaaeably 
aachine ia yet available. Frai the viewpoint of robotic* raaearch, 
advanced aaaenUly an toast ion provides a fertile application field. 

So f9r, eaveral laboratories have developed primitive robots that 
can carry out s I ap I a aasaably teaks* However, a I not t none of the 90 
robots operate within practical brae par an ranpaa* An axe apt lorn ia a 
aachine that Mas developed et the Central Heeearch Laboratory c-* 
Hitachi. It ia not a general purpose robot, but the uee of force 
feedback glioma the aachlne to parfora an as-aeably taak with very claae 
tol-ai-ancaa faster than unskilled huMn labori 

Force feedback la a key to the perfornance of preelee aaaeably 
task a. Fortunately, at the HIT A.I. Laboratory, there li aval Fable a 
slapla robot thai can delect fercee and lor quae acting on Me uHot- 
Dn I y nail aodlfi cat ions of ttile ays tea uara needed to begirt a Basic 
experimental study. 

This ■* a report of a study on the execution of preclee aseeably 
taaka by a robot. The level of perroraanca at the e^per i aental system 
all! oua auch basic act lone an. putting a peg Into a ho I a, acr suing a nut 
on a bolt, and picking up a thin piece, auch a a a uaetier that ia lying 
on a flat table, Not only they are good exaaplea for the etudy of fore* 
fEEdbach, but they also are an important pert of ■ rapertoira of batfc 



taaka required ins ui*r range of practical iachine assaebl iob. The 
tolflrancB achieved in the BKperltentB hbb B. B0J Inch, PraBUB,Bbly t thit 
■art of to I trance 1b a Bkntnuk reou 1 rieon t for bflny practical 
applications, Ulrica it corraipond* to the revolution of a vernier 
caliper, one of the COafroh atandarde of eaaaureeBnt In uny machine 
ehopjt. This Btup\| deeonet. rates an evtetblu of a bearing COhplex 
consisting of sight parte u] th gIqbb tolerance*. Of up to B.ftfll inch* 
These taper ieonte ehou that force feedback enablte the re I labia' 
perfareance of aasakbly tanks u i [h cIcbb tolerances 




FlQure 1, Uh«la vt«i of th« UttU Rotot Syste*. 



Z, Th* Li It It Robot Systit 

This study gupioucd the Little Robot 5yite« developed OU D- Si Ivor, 
tt 9s ahOMfl in figure 1* H provider for the ITS ueer 4 hodiub size, 
five degree of freedom eeven axle robot uhich in con trailed through the 
progressing language LI5F by the PDP-G coaputer. 

The heart af the robot ia a force Wrx&r cosplsh located at Its 
wrist* It oonalite of six LY.tf.T.a [ Linear Variable Differential 
Transformers) T arm It allow* Ihe atasureaent of tortus and torquee that 
are acting on the urlat. Figure 2 shawa the geapetrical arrangement of 
the six L.^ + tLT.S, Hh*r« angle m a" It • rotational displacement between 
tho robot axis and the force aeneor complex axie. The re tat ion chip 
between farce and torque coaponenta in the M-xyi coordinate eyateei and 
the force components acting tt tho position of each L.V.O.T. It 
described by the following equal lent* 

Fk f?ecoa!45+aJ - f4*coa [45-a] 4 f£*coa(4&+al 

Fy, - -fZtaiolSSta] + f4**lnl45-a! + f&Mlfil45+al 

Fz - fl + f3 f fE 

Tx - fl*d*cna{al - f3*d*ein{a1 - fStdttinta) 

Ty - fltd*&'in[a) + f3*dacee(al - fEedacoafal 

Tz - f2ad - fMd + t&ad 

uhera. Fit, Fy, Fz forces in x» y. z a* Is 

Tx, Ty, Tz torques about *„ g, E axil 

fl p fZ+, f , fE- forces it each L.V.D+T* 

Force and torque coaponenti In the hand eocrdinataa are obtained in 
turn trap the following equations ■ 



F*' p- FutcDftfel - FyajinChl 

Fy' - Fx*sintbl + Fu*coilb) 

F E ' - Fl 

T»c* - IT* - L2*FyltoDB(b) - (Ty + L2*-~ - 1 *l i n lb I 

Tg + - tTx - UrfyUainlc-) + (Ty + LZaFu) *kis (b) + Uafz 

Tz' - Te - U * [ Fytcoalb) +■ Fxaainlb} i 

In tha currant Littla Robot Sy*t(«, in appro* i as ti an technique It 
used to calculate tha tweet and torquea h alnca tha strata-strain aalrt* 
Of tha asnaor has not been analuesd in detail Consider nail 
diaplacenenta fdx% dy" , dz") In *\ y", z' flulf •• ual I as rotatitmn 
(da", db - , dc p > about the x\ j\ f **\*. Tha 41 aplaceaBnta in tha 
L.V.D.T.s Cti + t2.„ , tS) ir« rtlated to d* - , dy\ dz" and da'. db\ 
dc" 83 fd1 lowai 

d*- - -It2 + t*.//T 

dyf - ft* + t5J/ fl 

dz* - t*3 + tEJ/ 2 

da" - {t3 t tE - 2*11)' 2 

A" - m - 181/ 2 

dc" - It2 + tSJ/ 2 
By the coordinate transformation frca the senior an** ^"i, y" , z") to 
the robot BitflB (x h y+ zip ha can obtain the Siflpl accent* tdx N dy, dzl 
in w, y, z 3k ii a* well 99 the rotations Ida, db, dc> about the * t Up z 
axiw. Ne*J. ub lust determine Qferal I at I Ff n«99 \Kl t h2 + . . . kfi) in H r 
y. Z ax Pi and about tha k, y„ z aw I a. Than Ma can gat force and torque 
component a approximately, It t ol lout. 
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Figure 2. FofGt s^naor cdfipIbm and the coordlnats syit*ns. 



F* - Kl * d* , Fy - k2 * dg, t Fx - k3 * dz 
1>: ■ h'i * da , Ty - fcJS * do , Tz - *G * dc 

Servo ing of the robot is dons by the FOP-6 COIputir ev«ry 1/E0 

*e«m<U LISP In tne POP-18 govern* the PDP-E via five apecial LISP 

functions. 

The LISP functions are: 

SETfl (SET rtinU of two arguaenta, gets PDP-G variables, 

CETHF ID£T ttinl Floating point! of ana argument, reads POP-G variables 

In floating point eode. 
GETfl (GET riini fined point] reads POP-B variablee In fixed point erode, 
UJA1T of one argument, evaluate* Its arguaant evarg lf3B eecond 

and ullk 'sleep' until evaluation return* T. 
5EDJ ESort of EQuall of three arguaenta, re turn a T rfhen the first 
argument it equal to the second utthln the tolerance of the 
third* oitarulse NIL* 
The POP-G variables »re ihoun in Table 1. Nate that the fxreftnea 
K* V, 2, fl + C + V* T iBan X-awia Y-axis, Z-ani*. Rotation: about Z T Grip, 
Vice and Tl ltlng-part-noldsr t respectively. Mode au itches FRE select 
the control fcodtr For suable, when JfFRE is 8, the X-«h1i acta bis a 
posit ion control servo, and Hhsfl XFFE la -1, It act* at a force control 
servo, A aore detailed description can be found In hi Maao Nn. 273: 
'The Little fTnbot Systee.' by D. Silver. 



sjM : k pra-ll* Bearing unit type 

X, Y„Z,h\G, Y, T currant position 

K»Y r Z,R,G-, Y*T position error 

K H Y b Z, G»Y calibrated farce 

X*Y,Z calibrated tar que 
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K F Y F £, FT + E F Y F T posit ion deal i eat i an inch/radian 

X,Y,Z,R t Gi F Y force destination 

X,Y.Z,R r G,Y aode snitch 

K p Y,iT t FT r G F YpT peel t ion eervo gain 

X,Y,Z*FttG,Y force aerwo gain 



Tab It 1. PDP-6 VarlsbUt 

Uhat fol Iomb ia a brief introduction to the baaic functione uaed In 
this study . They are Intended to help the reader understand the progra* 
which ui I I apppear in aectians 3 and 4. 
Position cant re I Cab ao lute}; M-, t* t Z»» R-. S>„ Y- ¥ F- 
«gi CDEFUM K- 1X1 ESETfl XOES XI (SETT XfRE 9)1 
Puaftion control {relative): 0)1-, QV-. QZ-% 0P-, K-, DY-, QP- 
eg; IDCFUH DX- 10X1 IX* IPLUS IGEThF JCPDSi OKI) I 
Force control; Pit-, FY-, FZ-, FR-, FG- P FY- 
eg: IDEFUN FX- tFXI ISETrl XFD5 FX) (SETI1 XFRE -11) 
Check of position control? ?X. ?Y F 72, 7ft + IE. ?V t ?P 
•gi (DEFTJH ?X J J ISEU CGETTI HOLT J 8 Threahold-Pl) 
Check ct force controls 7fX t ?FY t ?FZ F 7Ffi. ?FC f ?FV 
eg: (DEFUN ?FX t I ISEQ (CETrl XFRSI [CETtt XFfJST Threehold-FH 
Mi jce.1 (aneoua; HGF F YGF\ ZEJF, DOF, and HOF gate X, Y, Z coordinate, 
diameter and height of the object (pacified by the arguien I, respect 1 ve ! y , 



Position con t pa I functions ae we 1 1 as force control functions 
deliver their argue<mts to the PDP-G,. uhen theu. art evaluated. Frpe 
that Holnent, the esrvolfig loop in the POP-S control i the robot to the 
epeeified deeti nation In th« ipecifped eode, until Another function 
change s th* control. Tha function UAIT Checke a control situation and 
nalta until i1« argyhnnl evaluates tn T. the **rvoing ie still In effect 
after MM T la tereinated. 
For e>ca«pJe, 

IfZ- rlHUMT 'CTFZn {Effl- 3.141 ILM1T "trflJ) 

Thla prograe eaves the hand doHn until it tends on the table, !+*„ 
a force it felt in the Z-dlrectinn. Uhen IHMT ' {?FZi J raturna control, 
the p^ogjrae tJ>"oceedo f and rotates the hand 3iH r»di*ne. During and 
even after this rotation, the hand keeps the Contact force "fz" againet 
tha table, because [FZ- fz) ■• ttl M in effect. This ehould &e kept in 
eind, a-n thr: rpsdc- oxaiinB! the prograe a In sections J and i T 



3. Applications of Force Feedback in Machine AsseubJu 

This section describes hoH force feedback techniques are applied to 
the process of precise sachrm ftasesblyi Three basic actions are 
selected for study, they are; 

ID putting: a peg into a hale ulth close tolerance* 

\H acreuirig a nut on ] bolt. 

131 picking up a thin piece fros | flat table. 

Each of those ia. required to per for* a wtds variety Of aachins 
a;iTtceur ie^. If onr analyze* the asseably of any eichrns. one can easily 
find that ths above -icn ( i onad actions are frequently needed. 

The object used in the experimental asssably task is a specially 
designed bearing couple*, ^wn in figure 3, ft consists of tuo radial 
ball bearings, two spacers, a cylindsr + a vasher, a nut and a shaft pith 
threaded end. leportant dimension* of the parte are specified in tigura 
*. The tolerance a are 8.881 inch for the SHNFI-BEW TNG pair and the 
BEARINC-CYLIWEH pair, f,W2 Inch for the SHAFT-SPACERl pair, 8 + fJl inch 
for the S»WT-SPAOEhY pi i r . and B. B6 i nch for the 5HAFT4U5HER parr. 

3.1 Peg- in to -Hole Asaeably. 

The vain procedure of the peg-into-ho«e assert I y Is broken into 
three consecutive phases: they are "drop-mto" T "eate" and 'posh- into*, 
in that order. 

"Oroc-into' la a phase tn partially dra*. a shall into the wuth of 
the cylinder. In the newt phase "•ate" adjusts the relllivs position 
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figure J; Th* Cbject to be assembled, 
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FigmrB 4. 5i*& 3n<J clearance of tfoo pSf t&. 



and orientation bituesn the tm, until tha aha't sita in the south of 
cy tinder correctly. In the third phase "push-into", the shaft to pushed 
Into the cyHnder aboothly until it arrives at the ootlca* Every phase 
requires aoee type of force feedback, to control the delicate physical 
relationships between the part*. 

The clearance and the shoulder shape det trains the difficulty of 
assembly. In the field of each in* daa i gn + the atandards of fit are well 
da lined, depending or, the machining accuracy, however wa da not yet have 
any standards of fit In autoeaflc ■tsea.blu.i Presumably, they should be- 
defined by considering pail tloning error, clearance between parts, 
shoulder ehape and as Stably alyorl th« fc In thia etudy* the concept of 
"loose fit* and 'close fit" are introduced h and each fit la re fated to 
its appropriate stereotyped assembly procedure. 

3.1.1 Looae Fit 

An example of "Sdqbb fit' it tha SHAF T-SPACER2 pair. The SHAFT !■ 
tapered at ana end, and the clearing i| 9+91 inch at the body Irid 8,698 
Inch at the tapered end. f hi e- aeseebly task begins froe tha initial 
state in which SPACERS ie located above the SHAFT In the eaee 
oMentat ion as the SHAFI. 

At first, ue bust consider the positioning repestabi I l ty Of the 
hand- Suppose the errors in X* Y are " ± tfT. m * Then,, the hand mist be 
located within the (ml error square enclosing the reference point. 
If the hand ie holding SPACER2 at ita canter , SPACERS la alao located 
uifhln the seas error square* On the other hend T the tolerance def In** 
a circle whose diaaetar is equal to 'c 1 - If the tolerance circle 



completely covers the error Square, the fit is en loose that the SHAFT 
up II go Into the SPACEH2 without changing their initial OT isnt*t ions. 
Thus, the condition of 'loose fit* is defined by C >-$T * » 

Tn actual e*per i Bents, hb cannot ae-auee that the hand alusys holds 
SPJHCEH2 at its center. Ons usually find* 1 Hall offset bettraen the 
hand and SPACERZ, asocial I y Ml IN * parallel jsu type hand. The of feet 
la mainly the result of the grasping action and nonetie.es tt la KUCh 
larger than the poal tinning error Of the seryC'iecbonlaBB. If a hand 
haa parallel j8H» f like tha ona in the Littls Robot System, the off*** 
occur a onty in the direction perpendicular to the squeezing axil, 

(al ORCP-INTD: Fro* the initial position, without changing the 
orientation. SPACEftZ it lOvid dOWi until It lands en SHAFT. There are 
three Coea ibi 1 1 t let Hhen SPACEFT2 i" brought Into contact with SHAFT. 
C3SC3 1 T Z, and 3 of figure £ occur whan the offaet ii negative, nearly 
zero and positive, repectively. To guldt the SHAFT Into SPACERS , a 
different search tactica Bust tae taken depending on the contact 
actuation, and it it necceeeary to decide which case hes In fact 
occurred. However, if a Stall Shift - +dH ' hae been added to the 
initial position in advance, tha contact ■ I tuatiflne beceae as In the 
cases V i 2* and 3'. Thte ties, the tin staple search in tha "~K P 
direction will be applicable In ill three cases. 
Thus the procedure is as follous* 

til aate a eaall advance ehift toward "+X" ■ 

(21 nave SK*CER? down until It lands on SHAFT. 
and keep a seal I force against It* 

HI slide SHAFT toward '-X* until it drop* Into 5PACEHZ. 
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Figure 5. Landing si tuition rj. 



('. I i tap Z-nolionr 

The prograa for this procedure 1b: 

IOEFUH DRDP-TNTO-L f > 

IDX- shift} (LUIT T f?Kl] 

IFZ- anil -can tact-f creel tUftlT T I7FZD 

IFX- ■*£[ I -bI id ing-f creel 

4WA1T ' [OR 17FX) (5EQ 1DETI1 FZI B ThruhDleDH 

(D7- B.B> J 

Note; fUAIT *I?FX)I waits until the SHAFT contact* thi lt»l Mill Of th* 
hnic. WAIT " {SEA IGEIfl FZI ft Threshold)] check* th* occurrence 

o* ttic 'dropV Either event will coapleta the dealred action. 

lb) HATE; Uhen DRDP-1HTD ha* traan ccB&lated. SHAFT anculd tin at 
least partially In the hole ai SPACER?, So, the following procedure can 
guide the position of SHAFT enact I y to the can tar of SPACEFI2. 

Ill aave SHAFT toward "+Y* until it finds 3n adga of SPACER? 

and get the Y-peaitlen of SHAFT — > Y] 
fZI MOv* SHAFT toward "-Y" unti I it find* another edge of SPACERZ 

and gat the Y-pesiflon of SHAFT «* YZ 
(31 aowe SHAFT t D <YI ■* YZ)/ 2 

thi a action locates the SHAFT in the actual center along the Y *nia. 
aia] lirluj; 

(43 find *+*' edge — > X] 
(5J find --H" ids* —> K2 
fG) bqvb SHAFT to iKt + XZ>/ Z 

Uhat folloica ia a pragraa that ptrfomt thia procedure* 



IDEFUN rtATE-V I ) 

ipflac m vi i 

{FY- B»a1l-edge-findin & -forca-to- , +Y , | IU*H p 4?FV11 

(SETQ VI fDETflF VPOSIJ 

CFY- »all-Hdge-findmg-forcH-to- a -Y*l (UA1T M2FYI) 

«- if/t (+1 VI IGETHF YPOS)) 2.8)) WAIT ' E?YI) 

(FX- ■nall-edps-tindine-foree-ta-'+X") WAIT • 17FKI1 
[HFTQ Ml fGFTHF XPOSl) 

IFX- aBall-edg[E-firid-ing-fnrcfl-to-"-X*] CUAIT + I^FXI I 
(X- Uf\ 1+1 XI {(XTflF MFOGM 2.SM WAIT MMIJ )l 

It) PUSM-INTG-Yx 5PACERZ it loved doxn etong ttie SHAFT until H 

arrives at the end. During this process, the X snd Y position of ths 

SHAFT should aceeiieodaic Id thai of SPACER?, This ■• easily done by 

controlling X and Y forces to he zaro. The prograi For this is: 

IDEFUH PU5H-IHTC-Y { ^ 

if V.- I) (FY- 61 VFl~ Inserting- force J WAIT M7FZJ) I 

The eequenc* of QFWMNTO-L, TOTE-V, ami PUSH-lhTD-Y give* a siapl* 

■stereotyped action for the peg-into-hole aa^BBblg with Iodbo fit. 

(DEFUN PEG-HOLE-L ( ) 

(0RQP-INTO-4-I ItMTE-W IFUSH-IHTC-YJ 1 

Actually, mb can ceil the tunct ion HATE-V T because during the 

fc Honing function PU9MNluWf t the X, ¥ position of the SHAFT adapts to 

the center of SPACERS- Thut Wt hjwe *n SVSn iiepler ttereo typed action 

for th]« lash. 

IDEFUN PEG-HDLE-L2 t I (DROP -INTO -LI (PUSH-INTO-V) 1 



3.1,2 Close Fit. 

The other claae of fit is "dose fit', defined by ( C <J2 m K 
The BEAR]NG-CVLINDEfl pair-, shoun in flpjur* 7, is a good a*aap-te of this. 
The function DflOP-INTO-L hi I I not ratably perfgre the drop- Into process 
Of a pair Mi Ih Clot* fit, because the tolerance circle doe* not cover 



Y 




ti - f >f\Q~' GA, 



f=\ 



7 

Ay 1 



/ 



<?ACB!?2 



JTHAFT 



X- motion. 



rt* 






A 




*fr\jt re tt] 



r 








- 





sUdt until 6rcb w 



C3 



nl ? 



t rgr 



Figure G. Pag- Into-Hala assentaly h j t h "loasa fit". 



9ll Of the error square p The ■ pup I eat technique fCr solving this 

difficulty is that Of tilting the peg or tht hole, By tilting. the 

tolerance circle is, equivalent I y enlarged up to the. bizs of hole, uhich 

it much larger than tht error Square. Far OMgepli, the diafeeter of tha 

tolerance circTeof the BEARING- CYLINDER pair In J. 001 inch without 

tilting, and 8,6*8 inch with tilting, Note that/Tie of the eyeten ie 

atout 0. 089 inch. So, if hi apply the tilting technlqjua to the pair 

with cloae fit, ue can treat it ae if It uora a locse fit. The 

following is a prograe to do the drop- into proceie for a pair with clone 

fit, 

IDEFtH DRCP-INTO-C t > 

I0H- 0. II I0¥* *hift3 IHMTMAND C7RJ f?Y> I 
IPX- landing-force! IUACT 'IIROJ 
IQK- B.B) 1 

After ths BfldMNTO-C <• completed. CYLINDER euet Ue aligned to the 
orientation of SHAFT and t. 1 position of BERING tost be adapted to 
CYLINDER. Ths procedure iet 

til aavo BEARING* toHard *+Z" until it findl an edge of CYLINDER. 
and gat the Z-poeitiun «> Zl 

[31 hove BEARINCa touard *~V until it findo another edge of CYLINDER, 
and gnt the Z-posltion --> Z2 

(31 nave to IZl +221/2 

»] *ov» BEARINGe to +Y direction until It contact* the CYLINDER 

IS> keep above cortdct and apply Real I force in fX direction 

IEI null the Z- force and rotate CYLINDER to R - 0. B 
The prcigra* for this ia: 
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Fitjure 7. Peg-intD-H&Le aasBUDJy uitn "cloic fit' 



(DEFUN TtATE-H I } 
(PROG (ZU 

IF7- aeall-adge-findlnq-fores-to-'+Z** IUMT ' (7FZH 

IS€TQ Zl (GETHF ZPOS)) 

IFZ- *ms\ I -edge- Finding- fur ce-to-"-Z*J tH*JT P I?FZI) 

IZ- I//1 E+t ZL (GETMF ZPOS}) 2,9] I 

(FY- sull-cHitaGt-furi»-in- B V-ifcL*'l IUAIT ' (?F¥}J 

(FZ- 0} Ifl- 6.8) (WAIT '(Tflil 

)| 



The neM thing to do ii the "push- in to* action. It it the Hie as 

PUSH-SHTQ-V except for the direction. 

IDEFIN PUSH-IWTq-H ( I 
(FY- Bl (FZ- BJ 
IFK- inaerting-rorca) (MIT ' (7FM1 1 

A stereotyped sequence of peg-lnto-hnl a aieenblu. foe close fit is 

def ined as fo I leua. 

IDEFUN PEG-HOLE-C I J 

(DKflP-INIO-CI [tlATE-H) EPUSH-IHIO-H} J 



3*2 Screwing a Nuti 

The action for iereu/1 ng a nut on a bolt ia alio broken into throe 

consecutive phases; "drop-into*, '■ato". and "icreu-1 nto*. For the 

"drop- into" end "apt a" proceaaaa, DROP- 1 NTFH. and MATE-V, defined In 

section 3.1. Bre applicable. In order tn acrew a nut, the nut euot be 

turned in a elockulae direct jon while e*ertinB » anal I dounuard 

pressure. During thia screwing- phase, the K, Y position o* the nut aust 

aeeoaeodate to that of the term, io X, Y force are control led to be 

iero. When thH robot feels the epecHied fastening torque, it etopa the 

serening action, 

(DEFUN SCRElMNTQ ( } 

(FZ- aea II -down- force] IFX- fll (FY- SI 
(FH- faataniny-torque) 1 MA E T '17FRJI I 



Thus, a procedure far acratiing a nut III 

IDEFUN SCPEU-NUT { I 

fORCP-INIQ-LI [MAtE-xl ISCflEW-IttTOl J 

Again In thia function, hb tan 1 1 id Ignore the function HATE-Y. 

because during the next function SCREW- INTO, the H, Y position of the 

•creu adapt* to the center of the mit. Thui ue hlVt an alternate* 

oinpler function for this tatk+ 

IDEFUH SCREU-WT-S ( 1 

IDROP-INIQ-U tSCAEU-INTOI ) 

3.3 Picking Up a Thin Piece., 

If one analyzes the asrj.e*blij Of inu eachine, nne ul I I find that the 
robot has t& handle aany aeal U thin pieces euch la washer*. It la hard 
to pick up auch thin Object's frol a flit table, If the caeeanded 
peel t ion at the hand is slightly higher then th| table, the robot hi M 
■ lea the washer, if it ■ • e little bit Inner than the table, it lag 
«x«ft a large lorce against tha table* Prouufcably, In the latter caee 
terious daeage can occur ta the robot or the tabic. 

Linen picking up a thin piece, force feedback, la naceaearg to check 

Mhetber the hand eakea contact with the tab I a or not. The following la 

a program lc pick up a thin piece on a tlble* • 

(DCFilrl PICKUP (IT) 

IC- Uf iO\k ITI b\ZH 

IZ- [4t <ZQF IT! IHOF IT] 6,21 (HAH '(AND <7Z> ITCHI 

CFZ- gpail-landing-forcel (PA[T ' {?FZM 

IPC- grasping- force] WAIT 'ITPGIJ 1 

In order to decrease the olfaet between the hand ano the object and 

to allou for errora in the poll t loning nf the part, the fol l<^png 



cantor ing action ll w*ry affect i*o. 

(DERJW PtCKW-2 (HI 

(G- (+t 101 A IT! 9.2)} 

(Z- {-it IZOF ITI (HDF JT1 B.21> WAIT '(AMD <7ZI C7CI11 

IFZ- ■Mll-landlng-fDPcel (HALT ' 1?FZ)) 

IFG- Matl-graaping-forcfll [WAIT T 17PGH 

(DC- 6\2J (WAIT 'I9CH tapon the hind B + 2 inch. 

(DR- 1.571 llttIT M7RJ1 [turn the hind 1*57 ridim. 

(FC- griping- fart*} WAIT ' (?FC> I J 



4. Out I ma of Aftertly Dimona tret fen 

Figure 11-1 ehous the initial snirirDMinnt of the demofHtret ien of 
machine aeseeblu. This demonstration doss not ii«« any virion program, 
SO all information about the position af the parts must be specified! 
The assembly sequence is: 

41) put BEARLNG1 onto SHAFT 

12) put SPACER1 onto SHAFT 

13) put BEARING wto SHAFT 

(41 aisftubU CYLINDER with BEAREWb In SHAFT 

(53 put SPACER! onto SHAFT, vertically 

[Gl but WASHER onto SHAFT, vertically 

(7) put HUT on SCBEM and torque doun thn NUT 

To carry out the above demonetrat ion, three "LISP functio-n* are 

defined. ASSY-L performs the peg-intO-hol t at»ablu of loaee (it, me 

described 1 n- section 3+1*1+ A55Y-C does the. psg-1 nto-hole aeeembluj bf 

close fit, as described in eictlen 3.1. Z. A&SY-N puts a NUT an the 

screu and torques it donn> as doner i tied in section 3i2» 

{OEFJN A5SY-L (PARTI I 

CCO -ABOVE PflflTl p jiove hand above the part 

IPICKUP-Z PARTI I jpict it up 

IBfllMMO VSHAFT) ibHng It to shaft 

I PEG -MOLE-LI * peg;-! Mo-hole o* loose fit 

(RELEASE) I jre lease 



(DEFUN ASSY-C (PARTI) 

(GO-ABOVE PARTI) ;iova hand above the part 

{PICKUP PARTI) : pick it up 

(BRING- IB HSHAFTI ibf ing It to shaft 

1PEG-HDLE-EI ipeg-inte hole of close fit 

(RELEASE) I i release 



(DERJW ASSY-N <NUT> 
[GO -ABOVE NUTH 
(PIOOJP-2 NUN 
(BRING- TO Y5HAFTJ 
(SCREU-Ngil 
IHELEA5E1 I 



;i»v«- hand rtoto thn part 

;|iii:k it up 

; bring it to the pcrau 

; acreu a nut 



The following prcg^ai A55FHBLY cirri a* out tha daimnatratl wi CfiUfJ f a t a 1 U* 

Plcturtt in figure 5 ahou the eKp-ariient. 

tOEFUH ASSEHBLY t f 

CF- 1.579 (WIT '(?Plt {till thi shaft horizontally 

IAS5V-C BEARTNG1) 

lASSV-f. 5PAHFR1I 

I ASSY -C BEARING] 

IA5SY-C CYLINDER) 

IP- 3,1*3 WAIT *17PM stilt IN* thift v«rtl«l!y 

IA5SY-L SPACER1J 

(ASSY-L HASHER » 

(A5ST-N HUT] ] 




Vcxc^ 3M 











5i Conclusions and Discussion. 

Flat ing par te with close tolerance requires force feedback to assure 
r;r:Tn! alignment, this paper describes a study of force feedback, in a 
topical aaaeebly taik. The performance Of the tyistea includes such 
tasks as putting a peg into a hols H screwing i nut on I bolt T and 
picking up thin pistes -such as Hasher»+ It Should be noted that each of 
these ie a basic and required task For a ulds range of Machine 
assemblies. Tolerances of 0,911 Inch i**re ach I eved and experiments 
proved that force feedback enabled the robot to per ton these aseemblyj 
tasks quite re 1 1 ably- 

In the peg hole aastisbl^ the concept at I doss fit and cloio fit 
were introduced. For each fit. ■ elapla stereotyped action Ie 

presented, ths sterootype for close fit uses a simple tilting technique 
to improve the reliability. The closest tolerance pair 

{CVLlNUfcfl -BEARING) asssmblu. was assribled using this tilting technique* 
Hauler, I he BFARIN&-5HAFI and 5PACER1 -SHAFT assMblg eouldf be done 
without the tilting technique, Uhsn serening a nut, the nut is first 
brought into contact uith the top of screw. Fro* that moment, force 
feedback guides the nut into the «reu and turne it down to Ihn 
prescribed torque. Force feedback al-ao alloHa the robot to pick up a 
thin piece, even Jroa a fist table. In this prOCttt, after the hand is 
felt to have arrived at the table* the robot dates Its hand while 
keeping ths contact force with the tsble. By using thie tactic, the 
robot can easily pick up a thin piece Hhose thickness Is II. 05 inch. 

Thie study does no! use any vision programs, so alt the geometrical 



information about the parts auet be pr*teribed„ The positional 

tolerance of each part 9i 

X ( (width betueen tuo tlngifil - (diaieter of tba part} 1 ^ Z 
When the part le luxated Mi thin (hi a tolerance, the asaeebly can bo 
carried out quite succtttful I y. It the robot can gee the enw|rane»nt T 
Ihr parts need not be so carefully positioned. In a hand-eye eustea T 
the f ol lowing information ihould be determined by a vlalon program 

(1) identification of the parti 

12} X, ¥, Z position nf the parte 

£3> R-orlentation Of tht parte 

(4} naxiau* dianeler of th* part* 

I5t t hi ■ Ok.no bb of the parte. 

The force sensor coeplax of the Little Robot Syste» t consiating of 
si « L.V.G.T. e p haa a eahraue range of about 1 pound and a resolution of 
about f. 25 ounce. Uhen the ayatee ■« firat started up> gravity of feet 
calibration la done aulonat i cal ly r HoHever, one cannot avoid the mm i I 
nyatereaia and drift that arise, fro* ttlt Bfechanical behavior of the 
farce sensor coapleh* Thl » reduces re I lab fa ■eaaureeent. In order to 
pake the sensory ayatei ior# tvniStive and reliable, it seeaa necceaaary 
to develop a More eophiet i oated force -signal precasalng program, that 
coepenaato? for the drift and the hyatereaie. 

Servolng ie done by a «achin« language prograa running in the 
PDP-E. every l/'SB second. The tereinallngi condition le checked by a 
tiae-shared LISP prograa in the PQP-JJ. Under soae c-ircuastaneee + thie 
arrangement causa a the robot to else the termination condition* To 
prevent euch tiaing errors, I baling that tbe terminating conditions 



should b-B checked in the Beriming leap on a real tip* bails, and th»3t 
the termination should be r*portid to the higher level language via 
interrupt facHitiBBr 

Lastly, f Mould 1 1 He to add a trivial coieant: Force feedback 
enables tH« robot to gutda a peg into a hole quite rellatiluj f given that 
the parte do nut alio in the hand. FroP a practical point of view, It 
la also Important to develop a general purpose hand that prtvantt 'flip 1 
or that at least detect* its OCcuTrencB. 
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